Natural products have been and continue to be the source and inspiration for a substantial fraction of human therapeutics. Although the pharmaceutical industry has largely turned its back on natural product discovery efforts, such efforts continue to flourish in academia with promising results. Natural products have traditionally been identified from a top-down perspective, but more recently genomics-and bioinformatics-guided bottom-up approaches have provided powerful alternative strategies. Here we review recent advances in natural product discovery from both angles, including diverse sampling and innovative culturing and screening approaches, as well as genomics-driven discovery and genetic manipulation techniques for both native and heterologous expression.
Introduction
It is no secret that historically, the human pharmaceutical armamentarium is significantly indebted to Nature, and in particular to the natural products of bacteria, fungi, and plants. To date, natural products and compounds derived there from and inspired thereby command a substantial market share, comprising 61% of anticancer compounds and 49% of antiinfectives approved in the past 30 years [1] . However, since the 1990s major pharmaceutical companies have largely turned away from natural product discovery efforts, citing difficulties in supply, screening, and characterization of natural products relative to completely synthetic libraries, and in particular the increasing rediscovery rates of known compounds [2] . Does this indicate that the diversity of extant natural products has been sufficiently sampled? With the advent of fast and inexpensive next generation genome sequencing technologies, the answer to the question has been shown to be a resounding "no." Across all domains of life, the presence of multiple natural product gene clusters for which the cognate product has never been observed has become not the exception but the expectation in sequenced genomes. As a result, natural product discovery efforts continue to flourish at the academic level.
Here we broadly classify natural product discovery efforts into two categories, namely topdown and bottom-up approaches ( Figure 1 ). Top-down approaches are defined as those that begin at the organism level, utilizing systems-level perturbations to elicit production of new natural products without prior knowledge of the genes and enzymes involved in their biosynthesis. Bottom-up approaches, in contrast, are those that first identify a gene cluster of interest and then utilize various gene manipulation techniques to drive transcription, translation, and eventual synthesis of the corresponding natural product. Though contrasting in style, both sets of techniques have enabled the discovery of many new and interesting natural products. As a result, new examples of their application continue to appear, and new techniques continue to be developed. In this review we highlight some of the most recent advances in natural product discovery from the past two years.
Top-Down Approaches
Top-down approaches have traditionally been the primary means of natural product discovery, as they do not require genome sequencing or sophisticated genetic manipulation. Such efforts begin with the collection of biological samples from diverse environments for either direct extraction or laboratory cultivation. Extracts are then screened for a desired bioactivity, with "hits" isolated for structural characterization. These methods are best suited to "low-hanging fruits," i.e. compounds that are synthesized reproducibly and in relative abundance either in the native environment or under laboratory conditions. Nevertheless, continued innovation in sampling and screening methodologies has mitigated the risks of rediscovery of low-hanging fruit(s), allowing the top-down approach to remain a viable means of natural product discovery.
Diverse sampling and culturing
Natural products provide organisms with leverage against environmental stresses to survive and prosper. Often, these stresses come from interspecies interactions across all three domains of life, and so sampling particularly diverse environments and intimate interactions can lead to the discovery of new and interesting compounds. For example, isolation of two fungi from a microbial mat in an iron-rich spring led to the characterization of six novel natural products: clearanols A-E and disulochrin [3] . In particular, endosymbiotic bacteria represent a rich source of natural products [4] , as many higher organisms rely on them to supplement their own defense systems. In a family of bivalve mollusks known as shipworms, boronated natural products with antibiotic activity were recently discovered from the cultivated symbiotic bacterium Teredinibacter turnerae [5] . Similarly, diverse pyrone polyketides have been discovered from Nocardiopsis alba CR167, an actinomycete endosymbiont of the cone snails Conus rolani and Conus tribblei [5] . Of course, marine organisms are not the only source of valuable endosymbionts, as several agriculturally relevant insects have also proven to be sources of antibiotic natural products [6] .
To mimic in a laboratory setting the diverse environmental stresses an organism may experience, screening of different growth conditions is often employed. A recent example of this approach is the utilization of chemostat fermentation of Aspergillus nidulans to manipulate specific growth rate as well as carbon, nitrogen, and phosphorous levels [7] . Transcriptomic and metabolomic analyses revealed production of many polyketides under different conditions, including one novel compound. An alternate technique to introduce external stresses in laboratory culture is to challenge a target organism with other cocultured species. This method has been demonstrated in many biotechnological applications, and has been recently reviewed elsewhere [8, 9] . As a recent example, a novel prenylated polyketide was discovered from the fungal pathogen Aspergillus fumigatus only when cultured with the actinomycete bacterium Streptomyces rapamycinicus [10] .
More unorthodox culture techniques have also been employed. For example, the Cichewicz group found that medium containing Cheerios breakfast cereal promoted growth and secondary metabolism of several isolated fungal strains, including the production of a novel diarylcyclopentendione metabolite and a novel biphenyl metabolite from Preussia typharum (Sacc.) Cain [11] . They also demonstrated an in vivo culture method to elicit the production of typically silent glidomycin/luminmycin metabolites from Photorhabdus asymbiotica by injecting the bacterium into live crickets and extracting the carcasses [12] . It should be noted, however, that the four compounds observed, including two new derivatives, were first identified in defined liquid medium culture.
Robust and high-throughput screening
Through decades of top-down screening for natural products, many of the low-hanging fruits have been discovered and characterized. However, a limiting factor in previous efforts has been the sensitivity and throughput of the screening techniques employed, such as traditional bioactivity assays. As a result, potentially interesting compounds can go undetected if they are present in low abundance or masked by the activity of more abundant known compounds. With continued advances in the large-scale acquisition and analysis of metabolomic data, it is possible to thoroughly process complex metabolite samples for the discovery of novel small molecules. For example, a statistical approach called principal component analysis was used to compare liquid chromatography/mass spectrometry (LC/MS) profiles of marine Streptomyces spp. to identify a novel peptide antibiotic, bottromycin D [13] . Alternatively, imaging MS was used to discover the lipopeptide jagaricin from Janthinobacterium agaricidamnosum, a bacterium responsible for soft-rot disease in fungi [14] . Here, slices of the button mushroom Agaricus bisporus were first infected with the bacterium and then scanned by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) to look for new metabolites within the damaged tissue.
Although MS-based metabolomic profiling is a very sensitive screening approach, it is limited in terms of the practical throughput that can be achieved. Thus, there is a continuing interest in developing "low-tech" high-throughput strategies with robust, quantifiable output. One such example is the use of indicators thymol blue and bromothymol blue to detect the pH drop concomitant with sugar fermentation in Vibrio cholerae cultures [15] . After screening of 39,000 crude extracts, 49 were found to block fermentation, and three were characterized as novel broad-spectrum antibiotics. An alternative colorimetric assay utilizes resazurin, a general indicator of metabolic activity, to detect antifungal activity against the human pathogen A. fumigatus [16] . High throughput screens can also be carried out against engineered assay strains, as exemplified in a screen for activators of the heat shock response in human cells [17] . Here, the reporter gene encoding enhanced green fluorescent protein (eGFP) was placed under the regulation of a promoter containing a heat-shock element, such that heat shock response would be accompanied by robust eGFP expression.
Bottom-Up Approaches
While traditional top-down approaches have been successful in identifying many bioactive natural products, the volume of genome sequence data now available has revised our view of the biosynthetic potential and metabolic capabilities of microorganisms, sparking a renaissance in natural product discovery. Genomics-based bottom-up approaches have been developed to unveil new natural products that were undetected under standard fermentation conditions [18] . These strategies leverage powerful functional genomics, bioinformatics, and genetic manipulation tools to identify and activate gene clusters of interest either in native or heterologous hosts.
Bioinformatics tools
Bioinformatics tools are indispensible in identification and characterization of potential natural product gene clusters from sequenced genomes and metagenomes. Recently, two powerful bioinformatics tools have been developed: Secondary Metabolite Unknown Regions Finder (SMURF) [19] and antibiotics & Secondary Metabolite Analysis Shell (antiSMASH) [20] . SMURF is the first comprehensive pipeline capable of predicting putative backbone genes in fungal genomes with high accuracy, and can identify gene clusters for nonribosomal peptides, polyketides, nonribosomal peptide-polyketide hybrids, indole alkaloids, and terpenes. AntiSMASH, on the other hand, expands the coverage beyond fungal genomes to the whole range of biosynthetic loci of known natural product classes from any input genome sequence. A highly improved antiSMASH2.0 that was recently released enables simultaneous processing of multiple contigs, analysis of protein sequences, and expanded structure prediction, making it the current state of the art for in silico natural product gene cluster analysis [21] .
Native host expression
With genome sequence data in hand for tractable strains, it becomes possible to probe predicted natural product gene clusters in their native context, both to correlate in silico discovered clusters with known products and to discover previously undetected natural products. In the past decade, this has most often been achieved via gene knockout and subsequent comparative metabolomic profiling. Such techniques continue to be applied today, with recent examples including the identification of a phytotoxin cichorine gene cluster from A. nidulans [22] , a strain not previously known to produce this compound; an endocrocin gene cluster from A. fumigatus [23] ; and an echinocandin B gene cluster from Emericella rugulosa NRRL 11440 [24] . It is notable that this last example required development of a gene deletion method for the host of interest; in many cases, this can be impractical or impracticable. An alternative deletion-based strategy for activation of silent gene clusters in the native host is kinase knockout. Kinases play an important role in regulation and signal transduction. Screening of a genome-wide kinase knockout library of A. nidulans identified the production of aspernidine A from a mitogen-activated protein kinase gene, mpkA [25] .
While gene knockout is useful in cases where gene clusters are expressed in the native host or pathway repressors can be identified, the fact remains that most natural product gene clusters remain silent under typical laboratory conditions. Thus, a "knock-in" promoter replacement strategy has recently been developed to activate these silent genes [26] (Figure  2 ). Through efficient gene targeting techniques, the promoters of nonreducing polyketide synthase (NR-PKS) genes, key genes in natural product gene clusters, and other genes necessary for NR-PKS product formation or release have been replaced in A. nidulans, which led to the discovery of seven novel compounds [27] . Similarly, the novel polyketide burkholderic acid was discovered from the pathogenic bacterium Burkholderia thailandensis via insertion of a constitutive promoter in front of the nonribosomal peptide synthetase (NRPS)-PKS gene burA [28] . However, when the native promoters of 13 NRPS-like genes in A. nidulans were replaced with the inducible alcohol dehydrogenase (alcA) promoter, the only discernable effect was enhanced production of a known compound, microperfuranone, with induction of the gene AN3396.4 [29] . Induction of the remaining 12 genes had no effect on the metabolite profile, highlighting the limitations of this approach.
Heterologous host expression
For the majority of organisms, genetic manipulation is either difficult or yet-to-be established. Therefore, heterologous expression of a single gene, a cassette of genes, or an entire biosynthetic gene cluster in a genetically tractable host is a practical alternative route for identifying the corresponding natural product. As an example, a terpene synthase gene from Streptomyces avermitilis was expressed in Escherichia coli, resulting in the synthesis of the novel tricyclic sesquiterpene, avermitilol [30] . Meanwhile, Saccharomyces cerevisiae has often been used as a heterologous host expressing genes from fungi. For example, a method was developed in Saccharomyces cerevisiae for cloning and heterologous expression of PKS and NRPS genes from various fungi, resulting in the identification of a novel product from an A. fumigatus NRPS [31] . Another popular heterologous host for expression of genes from fungi is A. nidulans. Recently an efficient approach for amplification, cloning, and expression of heterologous pathways in A. nidulans has been demonstrated, and was applied to express a silent asperfuranone pathway from Aspergillus terreus [32] . An analogous approach was used to express neosartoricin gene clusters from dermatophytic fungi in A. nidulans as well, resulting in discovery of the novel analog neosartoricin B [33] . Several other strategies for activating silent gene clusters in fungal genomes have previously been developed and were recently reviewed elsewhere [34, 35] .
To facilitate the activation of cryptic pathways in a heterologous host, promoters were usually inserted into clusters to drive gene expressions. Recently, in the RecET direct cloning method, one strong promoter was added in front of the whole cluster to stimulate the production of natural products [36] . With the development of powerful DNA assembly methods such as DNA assembler [37] , more comprehensive reconstruction of clusters has been achieved in a single-step manner, which results in the creation of novel compounds by combinatorial biosynthesis [38] and activation of a silent cluster for known compounds [39] . A similar strategy has been applied to discover novel polycyclic tetramate macrolactams (PTMs) [40] . The complete refactoring of a highly conserved PTM pathway by a plug-andplay scaffold revealed three novel PTMs and shed new light on the biosynthetic mechanisms ( Figure 3 ).
Heterologous hosts can further be engineered to facilitate natural product discovery by providing a clean secondary metabolite background, as previously demonstrated in the genome-minimized S. avermitilis strains. Recently, twenty diverse natural product gene clusters from a variety of organisms were successively cloned and introduced into genomeminimized strains SUKA17 or SUKA22, and production of the corresponding products was observed [41] . Notably, a few clusters required substitution of an alternative promoter or expression of a pathway-specific regulatory gene, and production levels did not always exceed those of the native hosts.
Apart from being used to activate cryptic gene clusters, heterologous expression is often employed for combinatorial biosynthesis to generate novel compounds as well. The macrolide antibiotic erythromycin A and its semisynthetic analogues are among the most useful antibacterial agents for the treatment of infectious diseases. Therefore, it is no surprise that the erythromycin biosynthetic pathway has been well-studied for combinatorial biosynthesis [42] . Recently, novel erythromycin analogs with different glycosylation patterns have been produced in E. coli by replacing the original deoxysugar pathways with the alternative D-mycaminose and D-olivose pathways. In addition to demonstrating the intrinsic flexibility of the biosynthetic system to accommodate alternative tailoring pathways, these results also offer an initial attempt to leverage the E. coli platform for erythromycin analogue production [43] . Another example of combinatorial biosynthesis of novel erythromycin analogs utilized precursor-directed biosynthesis, generating a new class of alkynyl-and alkenyl-substituted macrolides with activities comparable to that of the parent compound [44] .
Beyond erythromycin, combinatorial biosynthetic approaches have been applied to a variety of other natural product gene clusters, and have been recently reviewed elsewhere [45, 46] . As an example, the cyanobactin ribosomal peptide natural product pathway was manipulated to incorporate multiple tandem mutations and non-proteinogenic amino acids when expressed in E. coli [47] . This enabled the production of 22 compounds, including other known products from different pathways as well as novel derivatives. In A. nidulans, heterologous expression of a NR-PKS gene from Aspergillus niger triggered the production of two polyketides, and replacement of the terminal reducing domain with a phylogenetically related thioesterase domain facilitated the production of two metabolites with carboxyl groups replacing the corresponding aldehyde groups [48] . These results indicate that rational domain swapping may provide a route to engineer the functionalization of valuable chemicals. Finally, a fluoroacetate pathway was exploited as a source of fluorinated building blocks for introduction of fluorine into natural-product scaffolds [49] . The Chang group showed that fluoroacetate can be used to generate novel fluorinated polyketide products both in vitro and in vivo, highlighting the prospects for the production of complex fluorinated natural products using synthetic biology.
Conclusions and future perspectives
With continued progress in both top-down and bottom-up approaches, natural product discovery has remained an active field of academic research. Recent trends of sampling symbiotic microbes should continue to provide novel natural products, as these microbes synthesize many interesting compounds to interact with their hosts. Further diversity in sampling is also being introduced through "crowdsourcing" efforts, enabling collection of samples from all around the world [50] . As powerful analytical techniques (MS, NMR, and software for comparative data analysis) continue to evolve, we will continue to pull back the curtain of "silent" natural products by enabling detection and characterization of compounds present in minute quantities. Further, although it has primarily been demonstrated as a tool to increase production of known natural products or connect known natural products to their gene clusters, epigenetic perturbation via small molecules or genetic modifications can also be used to unlock unknown compounds [51] .
Meanwhile, as whole-genome sequencing has become more economical, it will likely continue to be routinely applied in place of traditional library-based techniques for identification of gene clusters of interest [52] . The exponentially accumulating data from these genome sequencing projects have already shown that the metabolic potential of many microorganisms is severely underestimated, revealing a "silent majority" of as-yetundiscovered natural products. As a result, more genomics-inspired strategies need to be developed in order to fully exploit this untapped biosynthetic potential. Among the most challenging goals concerning natural products is the robust activation of silent gene clusters. Careful manipulation of culture conditions and genetic manipulation of gene clusters in the native host have been and will continue to be highly effective for select cases. However, the uncultivable, intractable majority of microorganisms remains a significant obstacle to this approach. With the development of powerful DNA assembly techniques [53] , the future will likely see an increase not only in the heterologous expression of full gene clusters, but also the complete redesign and refactoring of these clusters in well-studied, highly tractable hosts tailor-made for heterologous expression.
As genomics-driven natural product discovery efforts have revealed not only new compounds but also their cognate biosynthetic pathways, they have provided new insights into natural product biosynthesis. Discovery of a single pathway split between multiple genomic loci [16] , for example, and multiple pathways intertwined at a single locus [54] have challenged the traditional idea of a single, co-localized "gene cluster." Further, isolation of new and unusual compounds has revealed novel biochemistry [55] and complex ecological interactions [56] . These discoveries not only satisfy scientific curiosity, but also can feed-forward to inform future discovery efforts. Such efforts will likely include not only further exploration of typical natural product "workhorses," such as actinomycete bacteria and Aspergillus fungi, but also a wider array of underexplored or neglected organisms [57] . One can envision that new natural products possessing unprecedented structural features and novel modes of action can be discovered, fueling the next generation of therapeutic agents. This vision has recently begun to be embraced by major pharmaceutical companies, as evidenced by the disclosure of the natural products kibdelomycin by Merck, pyrrolamide by AstraZeneca, and MDN-0057 by researchers from Cubist Pharmaceuticals and coworkers [58] . GlaxoSmithKline has also showed a renewed commitment to natural products by developing an in-house natural products library, now 13,000 compounds strong [59] . Thus, natural product discovery efforts are poised to thrive in the years to come.
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